Purpose: Automatic cell segmentation plays an important role in reliable diagnosis and prognosis of patients. Most of the state-of-the-art cell detection and segmentation techniques focus on complicated methods to subtract foreground cells from the background. In this study, we introduce a preprocessing method which leads to a better detection and segmentation results compared to a well-known state-of-the-art work. Method: We transform the original red-green-blue (RGB) space into a new space defined by the top eigenvectors of the RGB space. Stretching is done by manipulating the contrast of each pixel value to equalize the color variances. New pixel values are then inverse transformed to the original RGB space. This altered RGB image is then used to segment cells. Result: The validation of our method with a well-known state-of-the-art technique revealed a statistically significant improvement on an identical validation set. We achieved a mean F1-score of 0.901. Conclusion: Preprocessing steps to decorrelate colorspaces may improve cell segmentation performances.
INTRODUCTION
Quantitative analysis of digital pathology slides plays an important role in diagnosis and prognosis of patients. Cell detection and segmentation is one of the many tasks necessary for reliable investigations in many scientific and clinical applications including cancer detection and grading. Therefore, reproducible automated detection and segmentation of cells in pathology slides is essential. Studies related to cell segmentation usually focus on complicated methods to robustly detect nuclei from background or separate overlapping ones (reader is referred to the work done by Irshad et. al 1 for a review of the recently proposed methods). However, there have been only a few studies that focus on the preprocessing aspects of pathology images which lead to a better and more reliable cell segmentation.
In this study, we introduce a preprocessing method based on decorrelation and stretching of the colorspace from pathology slides which enhances the segmentation performance. We applied our segmentation technique on a publicly available groundtruth dataset provided in 2 and compared its performance with their presented results.
of nuclei. Large connected components were separated using an automatic graph coloring method. 4 Wienert's et. al 2 approach was to first find an over segmented image of the slide consisting of all possible closed contours, they were then further evaluated and optimized to find and remove the contours that do not represent nuclei. Large contour areas (containing more than one nuclei) were then separated by eliminating the pixels at concave borders of objects and separated objects were further classified as either cell nuclei or other objects by putting a threshold on the Hematoxylin color channel of the image slide after separating the dye specific color channels using the method proposed by Ruifrok et al. 5 To the best of our knowledge there is only one study in the literature that tries to enhance the color uniformity of the image as a preprocessing stage to improve nuclei segmentation. Their idea was to use the prior knowledge of pathology dye colors to make the color distribution of the image uniform while keeping the edges of nuclei using a stain guided mean-shift filtering. 6 This technique is iterative for each pixel vector and hence is lengthy to apply on large datasets. In this study, we introduce a color preprocessing method that considers the whole colorspace at once and hence is faster than an iterative process to apply on large images. Fig. 1(b) that the pixel values of this image are correlated in the red-green-blue (RGB) colorspace. This implies that if we want to find a threshold value which linearly separates blue/purple color (corresponding to Hematoxylin dye) we may include/exclude some unwanted/wanted pixels only because they are fairly close (correlated) to each other in this colorspace. Therefore, decorrelated and stretched colorspaces would enable us to treat each channel separately and each color independent from the others. 7 This idea is shown in Fig. 1 (c) after the RGB colorspace (in Fig. 1(b) ) was decorrelated and stretched to fill the colorspace. Decorrelation Stretch is an image enhancement technique widely used in remote sensing to improve image quality of multi-spectral satellite imagery. Decorrelation stretching is done by rotating the RGB pixel values into a new space defined by the eigenvectors of the correlation matrix between the RGB bands, stretching the contrast of each color pixel with respect to the eigenvalues of the color correlation matrix from the previous step and then rotating the scaled values back into the original RGB space. 8 The contrast stretching vector is calculated as:
METHODOLOGY
where S is a diagonal matrix containing the stretch factors, and e rgb is a diagonal matrix containing the eigenvalues of the three channels.
Next, the original RGB pixel values x, are transformed to a value in the new space y, using the uncorrelated and normalized matrix S in the eigenspace:
where S is the diagonal stretching matrix, and E is the eigenvectors of the correlation matrix of the RGB space. This essentially means to match between the mean and variance of the original RGB space to that defined by the eigenspace of the decorrelated and stretched target space. This technique was also used to enhance the H&E stained images used in. 9 Please note that the pixel colors in Fig. 1(c) correspond to the associated pixel values in Fig. 1(b) before decorrelation stretching.
After the original RGB image was transformed into a new image using the decorrelation stretching technique, it was converted from RGB to Lab colorspace and its gray scaled image was obtained using a weighted sum of the L, a, and b components as given in (3) (Fig. 2(b) ).
1T.z----t e 1. This produces an image with foreground (nuclei) components to be darker than the background. Multilevel Otsu's thresholding followed by morphological operations were applied on the gray scaled image to find binary mask of the foreground nuclei regions. Large connected component blobs (area > 300 pixels) from the binary mask image are considered to enclose more than one nucleus. Therefore, they are divided into smaller regions by calculating the inverse binary distance transform of the blobs and generating markers from their centroids. Marker controlled watershed algorithm was then employed to find the location(s) at which the blobs are to be divided.
RESULTS
Showing an image from our in-house dataset motivates the need of a preprocessing step before attempting to detect/segment cells from pathology images. Figure 2 (c) shows a cell detection result without an appropriate preprocessing stage and Fig. 2(d) shows the same image with detected cells after applying a preprocessing step. Please note that in Fig. 2(c) the lightly stained nuclei compared to their surrounding lymphocytes were not properly detected without a preprocessing step while after preprocessing the image using our proposed technique they were detected as shown in Fig. 2 
(d).
We also tested our method on a publicly available groundtruth dataset of 36 H&E stained image crops 2 with 7931 labeled cells. This dataset consists of cells from breast, liver, gastric mucosa, and bone marrow specimens. Like the method validation procedure in, 2 we considered the detected nuclei touching the border to be false positives in this groundtruth dataset. Detected nuclei centers using our method were marked as true positives if their distances to the marked centers in the groundtruth set were less than or equal to 6µm. Given true positive (TP), false positive (FP), and false negative (FN) cell detection events, Table 1 As can be seen, our proposed technique outperforms the other segmentation methods with a F1-score of 0.901(±0.03). We found a statistically significant difference in the F1-score value of our method compared with others in Table 1 using a pairwise dependent two-tailed t-test method. It is worth mentioning that both F1-scores and dice coefficients of our technique for individual groundtruth images were higher than 0.8 (Fig. 3) . For examples of our automated cell detection and segmentation please refer to Fig. 2 and 4 'r1.2pli;44:¡.. . Figure 2 . Effect of decorrelation stretching as a preprocessing stage on detecting cells from a pathology image patch.
( c)
(a) gray scale image after original RGB image was converted to lab colorspace, (b) gray scale image after original RGB image was manipulated by decorrelation stretching and was converted to lab colorspace, (c) detected cells from gray scale image generated in (a) with no preprocessing stage, and (d) detected cells from gray scale image generated in (b) with decorrelation stretching as a preprocessing step. 2 (*) indicates a statistically significant difference was found when a method was compared with our technique using a pairwise dependent two-tailed t-test method. The third row corresponds to performance of an optimized version of Al-Kofahi's method. Please note that the time performance for the first three methods are those as reported in 2 while the time performance of our proposed method is based on the experiments done on a 64-bit Intel(R) Xeon(R) CPU (at 3.50 GHz) machine. 
Method

DISCUSSION AND CONCLUSIONS
Most of the state-of-the-art cell detection and segmentation focus on complicated methods to subtract foreground cells from the background. In this study, we emphasize on the importance of preprocessing steps in having an improved and reliable segmentation.
We introduced a preprocessing technique to improve cell detection and segmentation from pathology images. This technique works on RGB colorspace to decorrelate and stretch pixel values of pathology images by transforming them into a new space defined by their top eigenvectors. Contrast for each pixel value was then stretched in this new space to equalize to the color variances, and transformed back to its original RGB space using the inverse transform. We have shown that this technique leads to a better segmentation performance when compared to other state-of-the-art methods. Although the application of this study was presented on cell segmentation, this technique may be helpful in other image processing applications where pixel values in color or gray scaled images are correlated.
